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be sufficient to allow invasion but also appropriate for
the resistance of the substratum. The migrating cells
as well as substrate should remain intact while active
movement occurs. Migrating cells may aid this process
by selecting substrata with appropriate molecular and
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physical properties.
The migration of border cells during Drosophila oo-
genesis is a simple but very useful model system forSummary
studying invasive cell migration in vivo (Montell, 2001;
Rørth, 2002). The genetic tractability of this system hasCells migrating through a tissue exert force via their
cytoskeleton and are themselves subject to tension, allowed many steps of the migration to be dissociated
and analyzed. Border cells are a group of about eightbut the effects of physical forces on cell behavior
in vivo are poorly understood. Border cell migration follicle cells that delaminate from the follicular epithe-
lium as a cluster, invade the underlying germline tissue,during Drosophila oogenesis is a useful model for inva-
sive cell movement. We report that this migration re- and migrate directionally to the oocyte. The two central
cells of the cluster (the polar cells) induce migratoryquires the activity of the transcriptional factor serum
response factor (SRF) and its cofactor MAL-D and pres- behavior in the approximately six surrounding (outer)
cells but are themselves not migratory. The activities ofent evidence that nuclear accumulation of MAL-D is
induced by cell stretching. Border cells that cannot several transcription factors are required for border cells
to become specified as actively migrating cells (Montellmigrate lack nuclear MAL-D but can accumulate it if
they are pulled by other migrating cells. Like mamma- et al., 1992; Bai et al., 2000; Silver and Montell, 2001;
Beccari et al., 2002). Border cells migrate upon otherlian MAL, MAL-D also responds to activated Diapha-
nous, which affects actin dynamics. MAL-D/SRF activ- cells (germline cells) and use DE-cadherin for specific
adhesion to the migration substratum (Niewiadomskaity is required to build a robust actin cytoskeleton in
the migrating cells; mutant cells break apart when et al., 1999). The migration is guided by signaling through
two receptor tyrosine kinases, PDGF/VEGF receptorinitiating migration. Thus, tension-induced MAL-D ac-
tivity may provide a feedback mechanism for enhanc- (PVR) and EGFR (Duchek and Rørth, 2001; Duchek et
al., 2001). Border cells display a very prominent actining cytoskeletal strength during invasive migration.
cytoskeleton as they migrate and like other migratory
cells require nonmuscle myosin for cell translocationIntroduction
(Edwards and Kiehart, 1996; Fulga and Rørth, 2002).
Here, we show that, during the migration process, cellCell migration is a process that is critically dependent
on mechanical force production by the cytoskeleton. It integrity and the actin cytoskeleton are regulated by a
transcription factor complex consisting of MAL-D andalso requires signaling to and controlled assembly of
the cytoskeletal components. These two aspects of the serum response factor (SRF) in response to perceived
tension.cytoskeleton must be regulated and integrated for
proper migration. Regulation of cellular processes by
mechanical force, mechanosensitivity, has been estab- Results
lished in several contexts. Specialized mechanosensory
cells employ mechanically gated ion channels as sen- mal-d Is Required for a Robust
sors (Gillespie and Walker, 2001; Hamill and Martinac, F-Actin Cytoskeleton
2001). Muscle cells also respond to tension both acutely Mutants that cause changes in bristle morphology in
and over the long term. In muscle, proteins of the Z disc Drosophila have been found to encode actin regulatory
may be responsible for tension sensing (Epstein and proteins such as profilin (chickadee [Verheyen and
Davis, 2003). Studies in tissue culture cells have revealed Cooley, 1994]) and cofilin phosphatase (slingshot [Niwa
tension-sensitive signaling events (Riveline et al., 2001; et al., 2002]) as well as myosins (crinkled). We identified
Suter and Forscher, 2001). Focal adhesion complexes EP37532 (Figure 1A), a P element insertion, based on
(cell-matrix interaction) and adherence junctions (cell- its recessive bristle defects (Figure 1B). EP37532 was
cell interaction) have been argued to function as loci inserted in the predicted gene CG32296, now renamed
of mechanosensing (Bershadsky et al., 2003; Ko and mal-d. A stronger allele, mal-d7, was generated by re-
McCulloch, 2001). Application of external mechanical moving the first exon of the gene (Figure 1A). mal-d7
force can also change gene expression in developing mutant flies showed a more penetrant bristle phenotype
embryos (Farge, 2003). In the context of physiological and were in addition female sterile. An antibody directed
cell migration events, we have limited understanding of against MAL-D protein was generated and affinity puri-
how mechanical forces influence cell behavior and what fied. It showed a single band on a Western blot, which
regulatory mechanisms are involved. When cells migrate was not detectable in mal-d7 mutant ovaries and was
through a tissue, the forces produced by the cell must enhanced upon mal-d overexpression (Figure 1C). To look
at the phenotype on a cellular level, we generated clones
of mal-d7 mutant cells within the follicular epithelium,*Correspondence: rorth@embl.de
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Figure 2. Border Cell Migration Is Severely Impaired in mal-d and
SRF Mutants
(A) Late stage 9 wild-type egg chamber.
(B) Early stage 10 egg chamber from a mal-d7 homozygous female.
Arrows indicate the border cell clusters; arrowheads point to other
follicle cells for comparison. Border cells migrate from left to right,
between giant nurse cells to the oocyte. F-actin is stained by phalloi-
din (red); DNA (nuclei) is stained by DAPI (blue). Note the robust
F-actin accumulation in wild-type migrating border cells.
(C and D) Late stage 9 wild-type egg chambers from hsFLP/
Figure 1. mal-d Mutants Have Impaired F-Actin Accumulation ;FRT,bs2R14/FRT,UbiGFP females. bs encodes SRF, and bs2R14 is
an apparent null allele. In (D), all outer border cells (not the polar(A) Schematic of the mal-d locus, mal-d7 mutant, and MAL-D pro-
cells) are mutant for SRF, indicated by absence of the clonal markertein. The predicted MAL-D protein (1494 amino acids) is shown
GFP (green). F-actin is stained by phalloidin (red). Arrows indicateunderneath with structural motifs indicated, as well as the amino
border cells. Scale bars, 20 m.acid changes in mal-d ems mutants. The N-terminal MAL or MKL
(E) Quantification of border cell migration at stage 10 in clones ofhomology domain (MHD) includes the RPEL motifs. The SAP domain
border cells homozygous for the indicated mutation. In control, wild-(named after SAF-A/B, Acinus, and PIAS) is a putative DNA binding
type egg chambers, migration is complete at stage 10. Only borderor chromatin association domain that is found in diverse nuclear
cell clusters in which all outer border cells are mutant were scored;proteins. A moderately conserved basic region is also indicated
n  50 (control), 72 (mal-d7), 57 (mal-dS9), 74 (mal-dF2), and 78 (bs14).(). The molecular lesions in the mal-d ems mutant used for
The small differences between SRF and mal-d7 or mal-dS9 allelesanalysis are indicated in red. (B) Dorsal side of malEPg37532 homozy-
in amount of migration are not statistically significant, but mal-dF2gous fly with bent and split bristles (arrows). (C) Western blot of
appears to be a hypomorphic allele.total ovary extract from wild-type, mal-d7, and females overex-
pressing mal-d in some cells (slbo-Gal4/UAS-mal-d), probed with
purified MAL-D antibodies. Equal amount of protein was loaded in
each lane. (D) Two single-channel views of one confocal section (Figure 2B). Clonal analysis showed that this defect was
(most basal) of the follicular epithelium covering the oocyte. In this
cell autonomous (Figure 2E). When migrating, borderand all subsequent images, anterior is to the left. Stage 10 egg
cells normally display a particularly robust actin cy-chamber from a mal-d7, FRT/ubiGFP,FRT mosaic female. Absence
toskeleton (arrow in Figure 2A) with higher F-actin levelsof GFP (green) in (D) marks mal-d mutant cells. Scale bars, 20 m.
than nonmigrating follicle cells (arrowheads in Figure
2A). This enhanced F-actin accumulation was com-
pletely absent in mal-d7 mutant border cells (Figure 2B).a simple monolayer epithelium in the ovary. The mutant
cells proliferated and differentiated properly. However, Ubiquitous expression of a mal-d cDNA rescued the
mal-d7 mutant phenotypes completely (normal bristles,the basal network of actin filaments prominent in the differ-
entiated epithelial cells was reduced (Figure 1D). Other normal border cell migration), confirming the gene iden-
tification. Thus, the mal-d gene product affects F-actinF-actin-rich structures, such as cortical F-actin and ring
canals in germline cells, were slightly reduced in mu- accumulation in multiple cell types and is required for
border cell migration.tant ovaries.
While most follicle cells appeared to function normally
without mal-d, border cell migration was severely per- MAL-D and Drosophila SRF Act Together
during Developmentturbed in mutant females (compare Figures 2A and 2B).
In mal-d7 mutant animals, border cell clusters either MAL-D is related to mammalian MAL/MRTF-A/MKL1/
BSAC, MAL16/MRTF-B/MKL2, and Myocardin proteinsdid not initiate migration at all or migrated very poorly
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(Cen et al., 2003; Ma et al., 2001; Mercher et al., 2001;
Miralles et al., 2003; Sasazuki et al., 2002; Selvaraj and
Prywes, 2003; Wang et al., 2001, 2002), with an N-ter-
minal MAL homology domain (MHD) containing three
RPEL motifs and a SAP domain, as well as a less well-
defined basic region (Figure 1A). Mammalian MAL family
proteins have recently been found to interact with SRF
and serve as transcriptional cofactors for SRF (Cen et
al., 2003; Miralles et al., 2003; Selvaraj and Prywes, 2003;
Wang et al., 2001, 2002). Ternary complex factors (TCF),
which are ETS domain proteins, represent another type
of SRF cofactor in mammalian cells (Treisman, 1994).
In Drosophila, a gene encoding SRF was identified a
number of years ago (DSRF [Affolter et al., 1994], also
called blistered [Montagne et al., 1996] and pruned [Guil-
lemin et al., 1996]). However, cofactors had not been
identified for Drosophila SRF; specifically, there was no
evidence for a TCF gene in the sequenced Drosophila
genome. MAL-D appears to be the only MAL family
protein in Drosophila. In transfected Schneider cells,
we found that Drosophila SRF and MAL-D could be
coimmunoprecipitated and cooperate to activate tran-
scription from a serum response element (SRE)-con-
taining reporter plasmid (O. Kanca and P.R., unpub-
lished data). This indicates that MAL-D is a bona fide
SRF cofactor in Drosophila. To investigate this in vivo,
we compared phenotypes of mal-d and SRF mutants.
SRF is essential for viability in flies and for proper
tracheal and wing development (Guillemin et al., 1996;
Montagne et al., 1996). The mal-d7 mutation removes
a 5 noncoding exon of mal-d that is required for expres-
sion in the ovary (Figures 1A and 1C), and homozygous Figure 3. A Nuclear Form of MAL-D Has Gain-of-Function Activity
flies were viable but female sterile. However, the coding (A) hsFLP/;FRT,bs14/FRT,ubiGFP egg chamber showing SRF (bs)
region is not altered in mal-d7 mutant flies, and mal-d mutant cells (bottom) with reduced F-actin (phalloidin staining; red),
next to heterozygous cells (top; positive with SRF antibody; green).was still expressed at other times during development
SRF is nuclear and colocalizes with DAPI (blue).(data not shown). To determine whether mal-d was also
(B) A clone of cells overexpressing mal-d by “actin-flip-out” (top;an essential gene, we generated additional mal-d alleles
strongly positive with MAL-D antibody due to high-level overexpres-by ems mutagenesis (see the Experimental Procedures).
sion) next to wild-type cells. MAL-D (green) is detected in the cyto-
Three alleles were used for further analysis: mal-dS9 and plasm.
mal-dS2 both have a stop codon in the middle of the open (C) Moderate overexpression of the activated MAL-D-N in follicle
reading frame (L659 and Q675 to stop, respectively), and cells (slbo-Gal4/UAS-mal-d-N). MAL-D-N (green) is predomi-
nantly nuclear. MAL-D-N causes ectopic F-actin accumulation inmal-dF2 had a frameshift at position A1364 (Figure 1A).
the cytoplasm (red). In each panel, a detail of the follicular epitheliumThe mal-d ems alleles were homozygous and transhet-
at stage 10 is shown. Images of nuclei stained by DAPI (blue) anderozygous early larval lethal, with mal-dF2 larvae surviv-
antibody to SRF or MAL-D (green) are from the same optical section.ing longer, suggesting that this might be a hypomorphic
The phalloidin images (red) are from a slightly more basal section;
allele. The mal-d mutants could be rescued by a mal-d therefore, the overlap is not perfect. Scale bars, 10 m.
cDNA, expressed ubiquitously under control of an (D) Effect of MAL and of MAL-D-N overexpression in border cells.
-tubulin promoter. Thus, like Drosophila SRF, mal-d is Quantification migration at stage 10 (n  100) in females carrying
slbo-Gal4 and the indicated transgene.required for development. Clones of cells mutant for
SRF or the new alleles of mal-d showed essentially the
same phenotypes as mal-d7 in border cell migration
SRF immunoreactivity was detected in most or all(Figures 2D and 2E), F-actin accumulation (compare Fig-
nuclei of both germline and somatic cells. When clonesure 2D to 2C; see also Figure 3A), and bristle morphology
of cells mutant for SRF were generated in the follicular(data not shown). However, none of the mal-d alleles
epithelium, SRF was detected in control cells but notshowed blistering when clones were induced in the wing
mutant cells, confirming the antibody specificity (Fig-primordium, as found for SRF mutant clones (Montagne
ure 3A). Although a potential transcriptional cofactor,et al., 1996). In patterning the intervein region of wings,
MAL-D protein was detected mainly in the cytoplasmSRF may therefore act alone or with a different cofactor.
even when highly overexpressed (Figure 3B). Mamma-Overall, these results indicate that SRF and MAL-D act
lian MAL was also found to be cytoplasmic in serum-together during development to control specific pro-
starved NIH/3T3 cells (Miralles et al., 2003). Removal ofcesses that are highly dependent on the actin cytoskele-
the N terminus of mammalian MAL with the conservedton. In particular, SRF and MAL-D are required for accu-
RPEL motifs renders it nuclear and active (Miralles etmulation of a robust actin cytoskeleton during border
al., 2003). The corresponding change in MAL-D (MAL-D-cell migration and for this invasive migration event to
be effective. N) had the same effect: MAL-D-N was largely nuclear
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Figure 4. mal-d Mutant Border Cells Frag-
ment and Produce Directionally Migrating
“Cytoplasts”
(A–E) Anti--galactosidase (green) and phal-
loidin (red) staining of egg chambers from
slbo-flac/;mal-d7/mal-d7 females, from
late stage 9 (A) to stage 10A (B and C) to
stage 10B (D and E). Expression of cyto-
plasmic -galactosidase from the slboflac
transgene (Fulga and Rørth, 2002) marks bor-
der cells strongly, visualizing cytoplasmic ex-
tensions and fragments. At later stages, other
follicle cells are also stained. In these egg
chambers, the border cell nuclei all remain at
the anterior tip (left). Arrows indicate migrat-
ing “cytoplasts” with no nuclei. Scale bars,
40 m.
(F) Average distance and standard deviation
thereof from the front of the border cell clus-
ter (at the anterior) to the front of extension
(as in [A]) or cell fragments (as in [B]–[E]). Mid-
to-late stage 9 egg chambers and stage 10
egg chambers were measured. The longest
intact extension measured in any sample was
55 m; cell fragments must therefore move
actively to reach the oocyte. In about half of
stage 10 mal-d7 egg chambers, whole border
cells, including nuclei, have migrated some-
what (but did not reach the oocyte). Border
cell fragments were also observed, but these
egg chambers were not measured.
(Figure 3C) and highly transcriptionally active in a trans- in Figures 4C–4E; Figure 4F). Inspection of intervening
confocal sections showed no evidence of any connec-fection assay (data not shown). Expression of MAL-
tion between the cytoplasmic fragments and the rest ofD-N in follicle cells induced excessive F-actin accumu-
the cell. The spherical shape also suggested that theselation (Figure 3C), an effect opposite from the mal-d
fragments were unattached. Thus, failure to augmentloss-of-function phenotype. Overexpressing high levels
the cytoskeleton in mal-d mutants led to fragmentationof wild-type MAL-D has a similar but milder effect on
of the long cellular extensions. The border cell fragmentsF-actin (Figure 3B). These results indicate that, as for
continued to move directionally, leaving the cell bodythe mammalian MAL, MAL-D protein can accumulate in
and nucleus behind.the cytoplasm, but the nuclear form is the active one.
This behavior of mal-d mutant border cells indicatesTaken together with the loss-of-function analyses, this
that fragments of invasive, migratory cells have suffi-indicates that a transcription factor complex consisting
cient autonomy to respond to guidance cues and moveof SRF and MAL-D positively regulates genes important
through a tissue. The fragments appear to move lessfor establishing a robust F-actin cytoskeleton.
efficiently than normal border cells (reach the oocyte at
a later stage). This could either be due to the cell frag-
mal-d Mutant Border Cells Fragment When ments being fragments and not whole cells or be due
Attempting Invasive Migration to their mutant origin. It has previously been shown that
To understand why cells in a tissue might need a robust anucleate leukocyte fragments (cytoplasts) can perform
F-actin cytoskeleton, we turned to border cell migration, chemotaxis in vitro (Keller and Bessis, 1975), demon-
which showed a strong dependence on MAL-D and SRF. strating that cytoplasmic fragments can have consider-
At the initiation of migration, border cells normally pro- able autonomy from the nucleus with respect to migra-
duce an actin-rich long cellular extension (Fulga and tion in vitro. Specific transcription factors are required
Rørth, 2002). Formation of this extension requires proper for cells to differentiate and acquire migratory/invasive
cell specification, directional signals via the guidance behavior during development. In addition, the MAL-D/
receptors EGFR and PVR, and substrate adhesion via SRF complex is required for cells to acquire a robust
DE-cadherin, but it does not require force generation cytoskeleton and remain intact when performing an in-
by myosin, functionally separating these steps. mal-d vasive migration. However, nuclei and therefore tran-
mutant border cells did produce long cellular exten- scriptional changes are apparently not essential for
sions, indicating that guidance and adhesion were oc- guided movement in vitro or in vivo.
curring properly (Figure 4A). Subsequently, mal-d mu-
tant border cells showed a unique defect. Large, round Nuclear Accumulation of MAL-D
cytoplasmic fragments (without nuclei) appeared to and Cell Stretching
“break off” from the extension (arrow in Figure 4B). At MAL-D activity might simply be required to stimulate
later stages, the cell fragments were detected progres- F-actin accumulation and thus contribute to trigger bor-
der cell migration. However, expression of constitutivelysively further along the normal migratory path (arrows
Drosophila MAL and SRF in Cell Migration
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Figure 5. Nuclear Accumulation of MAL-D Correlates with Shape of the Migrating Cluster
Staining of wild-type stage 9 egg chambers with anti-MAL-D (green), DAPI (blue), and phalloidin (red). The anti-MAL-D channel is shown
separately for some panels (B, C, and F). (A) The anterior third of and egg chamber for orientation. (B–F) Enlarged border cell clusters. (B)
and (C) show border cells at or just after initiation of migration, respectively. The remaining panels show midmigration clusters. Anterior to
the left, migration to the right (also indicated by large arrow in [A]). In (C), the thick yellow arrow marks polar cells (never positive), whereas
the green arrows (white in [C]) mark outer border cells (some positive). (G) The length of border cell clusters with or without nuclear MAL-D
was measured for midmigration clusters. Indicated are average length and standard deviation thereof. Experiments 1 and 2 are different wild-
type samples; three are from shg/ females, and four are from slbo/. Variation between experiments can be due to sample handling, such
as degree of flattening. Scale bars, 20 m (A) and 10 m (B–F).
active MAL-D-N in border cells effectively blocked mi- the migrating cell cluster. Stretching of the cell cluster
would be expected to reflect external force applicationgration, indicating that MAL-D activity needed to be
regulated (Figure 3D). As a first step in understanding and tension within the cell.
To further investigate conditions for MAL-D nuclearthis regulation, we investigated when endogenous MAL-D
could be detected in the nucleus as an indication of accumulation, we first analyzed border cells genetically
unable to initiate migration. slbo is a transcription factorwhen MAL-D/SRF could be active. Endogenous MAL-D
was detectable in nuclei of some migrating border cells that is required for border cell migration (Montell et al.,
1992). None of the clusters in which all cells were mutant(Figures 5A–5E). The nuclear staining was specific, as it
was not observed in mal-d mutant cells. Nuclear MAL-D for slbo (n  20 clusters) had nuclear MAL-D (Figure
6A), regardless of developmental stage. Thus, bordercould be detected in cells initiating migration (Figure
5B) or during migration but not when migration was cells that were genetically unable to initiate migration
were unable to accumulate nuclear MAL-D.complete (stage 10). About half of the migrating border
cell clusters contained one or more nuclei clearly posi- To determine whether the lack of nuclear MAL-D in
slbo mutant cells was due to cell genotype or due totive for MAL-D, but no specific stage of the migration
was always positive. Thus, nuclear MAL-D apparently the physical state of the cell, we performed an in vivo
“pulling experiment.” This experiment takes advantagedid not reflect the cluster position in the egg chamber
or developmental stage. During migration, outer border of the fact that border cells migrate as a cluster of
strongly adherent cells and not as individual cells. Ifcells could be positive (green arrows in Figure 5C), but
the central polar cells (yellow arrow in Figure 5C) were nonmigratory slbo mutant cells are found in a border
cell cluster with wild-type cells, the mutant cells can bealways negative. The polar cells are part of the border
cell cluster but are not actively migrating. Both front and pulled along by the wild-type cells (Rørth et al., 2000).
This “piggy-back” behavior is observed for a variety ofrear border cells could be positive (Figures 5A–5E). This
suggested that MAL-D accumulation was regulated in different mutants affecting border cell migration, in fact,
all genotypes that we have tested. The slbo mutant cellssome dynamic way related to migration. We noticed that
clusters that were elongated or stretched had a high are always in the rear and delay migration of the border
cell cluster in proportion to their abundance. Thus, theprobability of positive nuclei, whereas rounded clusters
were less likely to show staining (Figure 5F). To quantify mutant cells do not become migratory as such but are
pulled along by the actively migrating cells. Remarkably,this, we measured the length of midmigration clusters
as a measure of stretching (Figure 5G). The correlation to slbo mutant cells that were pulled into migration by
wild-type cells did accumulate nuclear MAL-D (FiguresMAL-D-positive nuclei was statistically highly significant
(p 	 0.001 by Student’s t test). Thus, nuclear accumula- 6B–6D). They did so at a frequency similar to that of
wild-type migrating cells. Migration of mixed clusters istion of MAL-D correlated with the stretched shape of
Developmental Cell
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migration was blocked by HA-diaCA; however, nuclear
accumulation of MAL-D was nevertheless stimulated.
This effect was observed on endogenous MAL-D but
was most obvious when looking at border cell clusters
cooverexpressing MAL-D and HA-diaCA (Figure 7). In bor-
der cells, as in follicle cells (Figure 3B), overexpressed
MAL-D was predominantly cytoplasmic (as indicated
with arrowhead in Figure 7A). In contrast, when HA-diaCA
was present, MAL-D was predominantly nuclear (arrows
in Figure 7A). When both proteins were expressed at
high levels, the nuclear pool of MAL-D was still detect-
able (arrow in Figure 7B), but MAL-D was mainly cyto-
plasmic, suggesting that nuclear translocation was satu-
rable. Thus, the ability of the Rho pathway to activate
MAL proteins appears to be conserved to Drosophila.
The relationship between regulation of MAL-D by cell
pulling or tension and by stimulation of the Rho-actin
pathway is discussed further below.
Figure 6. Nuclear Accumulation of MAL-D Induced by Pulling Bor-
der Cells into Migration Discussion
Staining of egg chambers from hsFLP/; FRT,slbo8ex2/FRT,ubiGFP
females with anti-MAL-D (green) and DAPI (blue). slbo mutant cells
We propose that the transcription factor complex ofare marked by the absence of the clonal marker GFP (red). Arrows
MAL-D and SRF is responsible for a regulatory mecha-indicate mutant border cells. (A) All border cells are slbo mutant,
nism by which physical pulling force upon and tensionand the cluster does not migrate. Nuclear MAL-D staining is not
observed. (B) Rear border cells are slbo mutant, front border cells within an invasively migrating cell induces a compensa-
are normal, and migration is in progress. Nuclear MAL-D staining tory strengthening of its cytoskeleton. Our mutant analy-
observed in a slbo mutant cell. (C and D) Clusters with both wild- sis has shown that MAL-D and SRF are required for
type and mutant border cells as in (B). In (A) and (B), late stage 9
migrating border cells to build up a robust cytoskeletonegg chambers are shown; in (C) and (D), stage 10 egg chambers
and remain intact during invasive migration. The activityare shown. Scale bars, 20 m.
of the MAL-D/SRF complex (accumulation of nuclear
MAL-D) is itself induced by tension or deformation of
the cells. The latter point is most clearly shown by theoften delayed and may occur during stage 9 or stage
experiments examining MAL-D in border cell clusters10. In both situations, nuclear MAL-D accumulation was
with some wild-type and some slbo mutant cells. Al-observed. Finally, even mutant cells that had not (yet)
though the slbo mutant border cells cannot on their owninvaded the germline could be positive if attached to
accumulate nuclear MAL-D, they can do so if they aremigrating wild-type cells (Figure 6C). This, together with
pulled by wild-type cells. This is strong in vivo evidencethe observations in wild-type cells (Figure 5), shows that
that the physical state of the cell determines whetherborder cell position does not control MAL-D accumula-
MAL-D accumulates in the nucleus.tion. Thus, nuclear MAL-D accumulation was not directly
Regulation via MAL-D may be particularly critical fordependent on cell genotype, on cell position, or on de-
cells that perform force-demanding processes such asvelopmental stage. However, nuclear MAL-D accumula-
invasive cell migration. At least, this is the case for bor-tion was only observed in nonmotile mutant border cells
der cells. It will be of interest to determine whether thisif they were being pulled by other cells. These results
regulation also plays a role in pathologically invasivesupport the idea that cell deformation or perceived ten-
migrations such as in metastasis. While they migrate,sion regulates MAL-D accumulation.
border cells normally display a very robust F-actin cy-
toskeleton. We suggest that this F-actin accumulation
Activated Diaphanous Can Induce Nuclear results from multiple rounds of MAL-D activation during
Accumulation of MAL-D migration. Failure to augment the cytoskeleton leads to
The conserved protein structure, in particular the con- fragmentation of the long cellular extensions leading
served RPEL motifs (MHD), as well as the functional the invasion and production of migrating “cytoplasts.”
interactions with SRF suggested that mammalian and Although these fragments are not produced by normal
fly MAL proteins might be regulated in similar ways. In cells, their behavior can be useful in determining what
a series of interesting experiments, activation of mam- cells can do in vivo without a nucleus. Production of
malian SRF and nuclear accumulation of MAL were platelets by megakaryocytes is an example of physiolog-
shown to respond to changes in actin dynamics in NIH- ical productions of cell fragments—although not mi-
3T3 cells (Miralles et al., 2003; Sotiropoulos et al., 1999). gratory.
The N-terminal RPEL motifs of MAL were required for How does MAL-D/SRF regulate the actin cytoskeleton
this regulation, which has also been called the Rho- and cell integrity? Studies in mammalian cells give some
actin pathway. One of the strongest activators of MAL/ indications of what the critical target genes might be in
SRF was an activated form of Diaphanous, which acts Drosophila. Cytoskeletal actin and vinculin genes can
downstream of Rho. To determine whether MAL-D could be regulated by a feedback mechanism (Bershadsky et
be subject to the same regulation, we made a corre- al., 1995), and these genes are regulated by SRF (and
sponding activated form of Drosophila Diaphanous (HA- MAL). In mouse ES cells, SRF is important for the pro-
duction of actin-directed cytoskeletal structures and celldiaCA) and overexpressed it in border cells. Border cell
Drosophila MAL and SRF in Cell Migration
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MAL and SRF (Miralles et al., 2003; Sotiropoulos et al.,
1999). The simplest model is that free G-actin seques-
ters MAL in the cytoplasm, and depletion of this G-actin
pool by actin polymerization results in MAL transloca-
tion/activation. Our observations in border cells do not
fit very well with this simple model. In normal cells, even
very highly overexpressed MAL-D was almost exclu-
sively cytoplasmic (Figure 3B), indicating practically un-
limited capacity in the cytoplasm. Expression of consti-
tutively active Diaphanous, which should “release”
MAL-D by causing actin polymerization, did cause accu-
mulation of MAL-D in the nucleus. But further overex-
pression of MAL-D led to more protein in the cytoplasm,
not in the nucleus as would be expected if G-actin deple-
tion in the cytoplasm (induced by active Diaphanous)
were the trigger for nuclear translocation. Finally, even
though endogenous MAL-D is expressed at low levels,
overexpression of a nonpolymerizable form of actin (ac-
tin-R62D [Posern et al., 2002]) in border cells did not
Figure 7. Nuclear Accumulation of MAL-D Induced by an Activated
appear to sequester MAL-D in the cytoplasm (data notForm of Diaphanous
shown). Our data seem more consistent with the alterna-Both panels show border cell clusters from slbo-Gal4/;UAS-mal-d/
tive “active” model of MAL activation, wherein a subpop-UAS-HA-diaCA. HA-diaCA encodes an HA-epitope-tagged, activated
ulation of actin or an actin protein complex accumulatesform of Drosophila Diaphanous (see the Experimental Procedures)
and is shown in red. Anti-MAL-D staining is green and shown sepa- when actin polymerization is favored, leading to MAL
rately to the right. Endogenous MAL-D is not detectable under these nuclear translocation and activity.
conditions. (A) shows a cluster early after onset of expression, and There are two general ways in which regulation of
only some cells express both transgenes, resulting in nuclear MAL-D
MAL by actin and by tension might be related. Changes(arrows). Arrowhead marks a cell only overexpressing MAL-D. (B)
in actin dynamics, as induced by activated Diaphanous,shows a more advanced cluster with higher levels of expression
may induce changes in tension, which could then affectfrom the same sample. Border cell migration is blocked by diaCA
expression. The arrow indicates cells with nuclear and cytoplasmic MAL. For example, RhoA activation can induce forma-
MAL-D. tion of stress fibers, which are contractile structures
(Katoh et al., 2001). Conversely, changes in cell tension
could affect RhoA, Diaphanous, and thereby actin dy-motility (Schratt et al., 2002). We did not detect changes
namics, which then in turn directly regulates MAL. Inin total actin levels in mal-d mutant tissues (by immuno-
fact, RhoA and Diaphanous, two of the most potentstaining and Western blot analysis; data not shown).
activators of SRF/MAL, have been shown to be impor-However, actin polymerization and actin filament organi-
tant mediators of mechanosensitive changes at focalzation is highly regulated in cells. MAL-D- and SRF-
adhesions (Riveline et al., 2001; Bershadsky et al., 2003).dependent changes in F-actin accumulation could
The physical interaction observed between the con-therefore be due to changes in levels of any of the many
served N-terminal domain of MAL and unpolymerizedactin-regulating and actin-interacting proteins, includ-
forms of actin (Miralles et al., 2003) suggests that regula-ing myosins. Dictyostelium amoebae mutant for myosin
tion of MAL by actin is quite direct and thus supportsII heavy chain display loss of cortical integrity and cell
this type of relationship. Tension applied to cell-matrixfragmentation when cells migrate under restrictive envi-
attachments or cell-cell interactions may also locallyronments, apparently due to loss of the actin-crosslink-
increase actin polymerization by other means (Ko et al.,ing activity of myosin II (Laevsky and Knecht, 2003).
2001) and thereby activate MAL. A more speculative linkFurther analysis of transcription profiles is required to
to MAL regulation is offered by actin itself. A specificpinpoint the exact target genes of MAL-D/SRF. Interest-
conformation of actin, or a specific protein complexingly, several MAL family proteins as well as SRF are
containing actin, may be induced by tension and serveimportant for muscle-specific gene expression (Cen et
as the signal that is perceived by MAL. This would beal., 2003; Selvaraj and Prywes, 2003; Wang et al., 2001).
consistent with the idea that a particular subpopulationAlso, stretching of mammalian myogenic cells in culture
of actin is responsible for the active regulation of MAL.leads to a complex set of trophic and differentiation
It would be an elegant way for hard-working migratoryresponses, including increased production of SRF (Yang
cells to regulate strength as needed by the actin cy-et al., 2000). It is tempting to speculate that the promi-
toskeleton. We are used to thinking of actin-myosin asnent role of MAL/SRF in muscle differentiation is related
supplying force and tension; the MAL/SRF system sug-to its regulatory role in tension-dependent gene expres-
gests a role for the complex actin cytoskeleton in forcesion in nonmuscle cells, muscle being a dedicated actin/
perception as well.myosin-dependent contractile tissue.
What is the molecular mechanism for MAL-D regula-
tion by tension? Given that the actin cytoskeleton and Experimental Procedures
tension or cell shape changes are interdependent, it is
likely that this regulation is related to the regulation of Molecular Biology
The mal-d locus (formerly CG32296) is at cytologicalMAL/SRF by actin dynamics (the Rho pathway). Two
models were proposed to explain the effect of actin on position 62F2-3. A full-length mal-d cDNA was compiled
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from partial cDNAs LD04178 (5 end) and AT27794 (3 Antibody Production and Staining
MAL-D polyclonal antisera were produced by injectingend) as well as RT-PCR and genomic PCR and finally
sequenced. Like mammalian MAL, a substantial open a mixture of two purified GST fusion proteins (encoding
amino acids 941 to 1211 and 1211 to 1494 of MAL-D,reading frame is present upstream of the ATG (nucleo-
tide1036), but its significance is unclear. The rescuing respectively) into rats. Crude sera were first incubated
with GST coupled to Affi-Gel (Bio-Rad) beads to removetransgene tub-mal-d contains this full cDNA driven by
the tubulin promoter. UAS-mal-d contains this cDNA in GST antibodies, then affinity purified by standard
method using both GST-MAL-D fusion proteins coupledpUAST; UAS-mal-d-N contains a 5 truncated cDNA.
mal-d-N starts at amino acid 171 (nucleotide 1546), to Affi-Gel. For some applications, a further step of pre-
adsorption to fixed and washed E. coli strain BL21 wasimmediately downstream of the three RPEL motifs.
To make UAS-diaphanousCA, the sequence encoding performed before incubation with tissue. Fixation and
antibody staining were done as described (Fulga andthe N-terminal 449 amino acids (predicted Rho binding
domain) was replaced by a short sequence encoding Rørth, 2002), using the following additional reagents:
mouse anti-Drosophila SRF (Active Motif), mouse anti-three HA tags, and C-terminal amino acids 1029 to 1091
(predicted autoinhibitory domain) were removed in a actin AC-40 (Sigma), rabbit anti--galactosidase (Cap-
pel), fluorescent-labeled secondary antibodies (Jacksondiaphanous cDNA (SD13607). This HA-diaCA was then
cloned into pUAST. ImmunoResearch), rhodamine-labeled phalloidin (Mo-
lecular Probes) to label F-actin, Oregon green-conju-
gated wheat germ agglutinin (WGA; Molecular Probes)
to outline the nuclear envelope, and DAPI to visualizeFlies and Genetics
mal-d7 was generated by imprecise excision from DNA (nuclei). All images were captured on a Leica SP
confocal microscope and are single sections, exceptEP37532 (inserted at 304 relative to mRNA start), and
the deletion was sequenced following PCR amplifica- in Figure 4, where projections of multiple sections are
shown. For Western blot, standard methods and HRP-tion; it removes 
257 to 1066. mal-d7 homozygous
flies with one copy of the tub-mal-d transgene had nor- labeled secondary (Jackson ImmunoResearch) antibod-
ies were used. Ponceau S staining and probing of paral-mal bristles, viability, fertility, and border cell migration.
w1118 or w1118;;FRT80 males were mutagenized by stan- lel blot with anti-actin was used to verify equal loading.
dard ems treatment, and mal-d alleles were isolated by
crossing to EP37532 and scoring for the bristle pheno- Acknowledgments
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